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Protein folding funnels: the nature of the transition state
ensemble
José Nelson Onuchic1, Nicholas D Socci1, Zaida Luthey-Schulten2
and Peter G Wolynes2
Background: Energy landscape theory predicts that the folding funnel for a small
fast-folding -helical protein will have a transition state half-way to the native
state. Estimates of the position of the transition state along an appropriate
reaction coordinate can be obtained from linear free energy relationships
observed for folding and unfolding rate constants as a function of denaturant
concentration. The experimental results of Huang and Oas for  repressor,
Fersht and collaborators for CI2, and Gray and collaborators for cytochrome c
indicate a free energy barrier midway between the folded and unfolded regions.
This barrier arises from an entropic bottleneck for the folding process.
Results: In keeping with the experimental results, lattice simulations based on
the folding funnel description show that the transition state is not just a single
conformation, but rather an ensemble of a relatively large number of
configurations that can be described by specific values of one or a few order
parameters (e.g. the fraction of native contacts). Analysis of this transition state
or bottleneck region from our lattice simulations and from atomistic models for
small -helical proteins by Boczko and Brooks indicates a broad distribution for
native contact participation in the transition state ensemble centered around
50%. Importantly, however, the lattice-simulated transition state ensemble does
include some particularly hot contacts, as seen in the experiments, which have
been termed by others a folding nucleus.
Conclusions: Linear free energy relations provide a crude spectroscopy of the
transition state, allowing us to infer the values of a reaction coordinate based on
the fraction of native contacts. This bottleneck may be thought of as a collection
of delocalized nuclei where different native contacts will have different degrees
of participation. The agreement between the experimental results and the
theoretical predictions provides strong support for the landscape analysis.
Introduction
It is the essence of a process of organization that it begins
with many possible states and ends with a relative few.
Protein folding in vitro, as a process of spontaneous molec-
ular self-organization, must have as its most complete the-
oretical description a quantitative characterization of an
ensemble of structures through which a protein passes on
its way to the folded structure and of the free energies and
entropies associated with both individual structures and
collections of structures in this ensemble. The energy
landscape theory of protein folding provides such a statis-
tical description of the free energies of molecular configu-
rations. Globally, the energy landscape of a folding protein
resembles a partially rough funnel (see Fig. 1). The local
roughness of the funnel reflects transient trapping of the
protein configurations in local free energy minima [1–4].
The overall funnel shape of the landscape, superimposed
on this roughness, arises because interactions present in
the native structure of natural proteins conflict with each
other less than expected if there were no constraints of
evolutionary design to achieve reliable and relatively fast
folding [5–7]. The energy landscape theory suggests that
there are several scenarios for folding kinetics. This diver-
sity has been observed in many lattice and off-lattice sim-
ulations [8–13] and has aroused considerable interest in
the experimental community [14]. (For a pedagogical dis-
cussion of the basic concepts and terminology, we refer
the reader to the review by Bryngelson et al. [2].) For some
of the folding scenarios, the kinetically important stages of
folding occur where there is a large density of configura-
tions. For these cases, knowledge of the few statistical
parameters characterizing the funnel topography suffice to
understand and correlate kinetic data. On the other hand,
if the density of configurations in the rate-limiting steps is
small, a much more detailed description of individual con-
figurations is essential for organizing the data. Tradition-
ally, folding kinetics concentrated on protein folding
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events on time scales greater than a few milliseconds. The
energy landscape theory suggested that the slowness of
many folding events arises from trapping and would be
very sensitive to details of individual residues, much as
the self-assembly of sickle cell hemoglobin depends on
the presence of a single hydrophobic residue on the
protein surface [15,16]. Many recent experiments have
confirmed this qualitative prediction of the landscape
theory [17–20]. As predicted, changing a single residue
can eliminate a late-stage folding bottleneck and allow
rapid folding to occur in less than a millisecond. In con-
trast to late-stage folding, fast folding can be described by
a folding funnel with a bottleneck composed of a rela-
tively large number of configurations that may be thought
of as a collection of delocalized nuclei where different
native contacts will have different degrees of participation.
Making the connection between this folding picture and
recent experimental results for fast-folding proteins is the
main objective of this paper. In particular, we describe
new simulations mimicking the addition of chemical
denaturants and site-directed mutagenesis experiments on
folding kinetics. These studies show how extrathermody-
namic free-energy relationships can be related to statistical
structure correlations of the transition state ensemble in a
protein folding funnel.
Landscape theory can be quantitatively useful for fast
folding because the faster folding events are less sensitive
to individual atomic details. Predictable smooth relations
between folding rates and free energies of folding should
apply with good accuracy when entire ensembles of struc-
tures are involved because of the averaging involved in
large numbers [21,22]. This is quite analogous to the situa-
tion involved in electron transfer, where linear response
applies far outside the range of harmonic local behavior of
the energy surface [21,23]. This simplicity is seen quite
clearly for lattice models of small proteins [2]. The transfer
coefficients in these kinetic free energy relations depend
mostly on the location of the thermodynamic parameters
of the protein in a phase diagram. Thus, we can learn a
great deal about fast-folding kinetics by setting up a corre-
spondence between a protein in the laboratory and a much
simpler computer model, perhaps on a lattice, which has a
similar funnel topography at the statistical level. 
Earlier it was shown that the funnel topography of a 60-
residue highly helical protein that folds fast after collapse
is nearly statistically congruent with the funnel topogra-
phy of simple designed lattice bead models with 27
residues using a three-letter code contact potential [3].
Each bead in the simulated model should not be thought
of as a single amino acid in the protein but rather as a local
segment of residues. This reduced representation arises
because local helix formation during polymer collapse
reduces the configurational entropy of the chain [24].
These helices may or may not be the native ones depend-
ing on the importance of the local signals. A more detailed
discussion of local signals in funnel geometries is given by
Saven and Wolynes [25]. For our discussion here, as long
as the appropriate reduction of entropy per monomer unit
is provided, the precise mechanism of helix formation is
not critical. Nevertheless, it may be crucial to detailed
predictions of specific structural correlations. The collec-
tion of states formed after collapse, which we term the
molten globule configurations, is defined dynamically and
need not be precisely the same as the ensembles referred
to as the molten globule for proteins under unusual denat-
urant conditions. A comparable number of configurations
(configurational entropy) exist for both systems, protein
and 27-mer, for these molten globule states. The elemen-
tary reconfiguration events in the molten globule include
both topological changes and local hydrogen bond break-
ing and formation. It is very important to remember that
before this molten globule state is reached, an enormous
amount of entropy is lost during the very early contact for-
mations. The roughness of the landscape during these
very early stages, at the top of the funnel in Figure 1a, is
very small since few bad contacts can be formed before
collapse. The topography of the lower part of the funnel
deduced from this correspondence is shown in Figure 1a.
An important landmark in the lower folding funnel is the
bottleneck that occurs when roughly 60% of the pair con-
tacts of the native protein are correctly made. The term
bottleneck is appropriate because the free energy barrier
is entropic and arises in the lattice models from incom-
plete cancellation of the entropy loss upon making con-
tacts by the energetic stabilization of making these
contacts. The entropy loss is large initially and then
decreases because the pre-existing constraints limit the
freedom of the remaining fluctuating loops [26,27]. This
bottleneck occurs at the top of the free-energy barrier
shown in Figure 1b. It corresponds to not just a single
structure, but an ensemble of structures, and can equally
well be termed the transition state ensemble. It is impor-
tant to recognize that the transition state ensemble in
folding is quite different from the transition state in
simple gas phase chemical reactions, which corresponds to
a nearly unique geometrical configuration which is a sad-
dlepoint on a high-dimensional potential hypersurface
owing to the larger scale of bonding energies. In order to
clarify this distinction, we will use the terms ‘bottleneck’
and ‘transition state’ interchangeably in the discussion to
follow. (This avoids the confusion many people have that
members of the transition state ensemble would individu-
ally be energetic saddlepoints.) Because of the bottle-
neck, the folding kinetics of the lattice model protein is
nearly single exponential and the folding rate will be
simply related to stability of this transition state ensem-
ble. Crudely, we would expect 60% of the changes of
overall stability to be reflected in the changes of the loga-
rithm of the folding rate, on the basis of the correspon-
dence analysis.
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Figure 1
Folding funnel landscape. (a) The protein
folding funnel for a fast-folding helical protein
is shown schematically, but crudely to scale.
The width of the dominant funnel represents
the configurational entropy while the depth
represents the free energy of an individual
configuration averaged over the solvent alone.
After the partially ordered molten globule is
reached, another appropriate reaction
coordinate to describe the folding process is
Q, the fraction of native contacts. In the upper
region of the funnel, helical order is
established and the protein becomes
compact. This reduces the entropy from 2.3
kB per residue for a 60-mer to about 1 kB,
even if no precise contacts are established.
The main funnel is charged from this point.
Depending on the average hydrophobicity
and local helical tendency, this very early
stage of folding may constitute a kinetically
distinct phase of the folding process or may
occur concomitantly with the formation of
correct native contacts. A few subsidiary
trapping funnels are drawn exaggeratedly
with depths approximately three times larger
than the simulation values for the activation
energy for conformational changes. The
exponential number of these makes the
drawing purely schematic since they
represent motions in coordinates other than
Q. The entropy of the subsidiary funnels is
estimated from Plotkin et al. [27] and is
roughly one-fifth of the Levinthal entropy of
the main funnel. The bottleneck characterizing
the transition state ensemble occurs at Q =
0.6. The thermodynamic glass transition
where distinct traps appear occurs at higher
degree of nativeness Q = 0.7. (b) Average
free energy as a function of the fraction of
native contacts Q and total contacts. The free
energy shown here is not of individual
structures, but of an ensemble. The free
energies include the configurational entropy
counting the number of states with a
particular value of the collective coordinates.
The surface is plotted via the analytical fit of
Plotkin et al. [27], but the specific landmark
values of Q are taken from the simulation
results [3,13]. At T = Tf we see two distinct
minimal free energy ensembles, one
specifying the molten globule, the other
folded configurations. The transition state
ensemble contains approximately 104 partially
folded structures with an average free energy
near the top of the barrier and an average
value of Q = 0.6. The barrier height is
approximately 2 kBTf.
In order to obtain simple relationships between kinetics
and thermodynamics, the free energy barrier for a complex
system such as a protein must occur in a region of high
density of states. As one descends into the funnel, the
density of configurations diminishes until a so-called
glassy regime is reached where the density of thermally
occupied states is low. Here, specific traps can be enumer-
ated and their kinetic accessibility will depend on their
precise structure. If the bottleneck occurs in this region,
site-directed mutations will give complicated kinetic
results when these specific states are differentially
affected by the perturbation. In the lattice model studied
here, which is related to a 60 amino acid -helical protein,
with parameters from the correspondence analysis, the
glassy regime is encountered after the main thermody-
namic free-energy barrier. For more poorly designed pro-
teins, the glassy regime will be encountered before the
largest barrier leading to complex kinetic relations.
Results and discussion
Recently, using NMR line shape analysis, Huang and Oas
[28] studied the sub-millisecond folding of monomeric 
repressor. This very rapid folding process occurs in a
single step without any apparent intermediate, suggesting
the appearance of a single relevant bottleneck. Since it is a
∼80-residue protein with largely helical structure, it is a
nearly ideal system for comparison with the funnel topog-
raphy predicted by the energy landscape corresponding
states principle analysis. The monomeric  repressor
folding rate is related to stability as measured by changes
in kinetics with the addition of denaturants. Figure 2a
shows the rate dependence on stability for this protein. As
we discuss more quantitatively later, the nearly equal but
opposite slopes for folding and unfolding reflect the inter-
mediate location of the folding bottleneck.
Similar behavior has been observed by Fersht and collabo-
rators [29] for chymotrypsin inhibitor 2 (CI2), a small 64-
residue protein (Fig. 2b). The comparison with energy
landscape analysis of the lattice simulations is not so direct
because this protein is composed of both -helices and -
sheets. But again, the bottleneck is midway between the
folded and unfolded regions; in fact, it is located nearer to
the unfolded state. Also, in another recent experiment,
Gray, Winkler and collaborators [30] have initiated the
folding of cytochrome c, which is highly helical, by means
of photochemical electron transfer with a strategy analo-
gous to an earlier experiment using CO photodissociation
[31]. The free energy relations for folding that they find
are plotted in Figure 2c. Again, the folding bottleneck
occurs roughly midway between the folded and unfolded
regions. Since horse cytochrome c has 104 residues, its
folding funnel has a different topography from the one for
the smaller helical protein. Also, since the protein has
more subunits, entropy is lost somewhat more rapidly in
the initial stages, moving the bottleneck higher in the
funnel. Supporting the funnel picture, Gray, Winkler and
collaborators [30] have shown that the folding times are
the same for the oxidized and reduced forms of
cytochrome c at similar stabilities even though denaturant
concentrations for the two redox forms differ widely.
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Figure 2
Linear relation of the folding rate coefficients to stability for a simple
two-state model of fast-folding proteins. (a) The folding kinetics of a
truncated phage  repressor [6–85] at 37°C based on the data from
the denaturant studies of Huang and Oas [28]. Only the linear fit line is
shown here. The rate constants for folding kf and unfolding ku versus
the fraction of the (denatured/folded) protein have nearly equal
magnitude slopes, 0.54 for unfolding and 0.46 for folding. (b) Folding
rate versus equilibrium constant for chymotrypsin inhibitor 2 (CI2) from
experiments by Jackson and Fersht [29]. (c) Folding rate versus
equilibrium constant for cytochrome c from experiments by Gray and
collaborators [30]. The slope from the linear fit is –0.37.
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Clearly in all these cases, the transition state ensemble,
being midway between folded and unfolded states, has
considerable configurational entropy. It is important to
note that the mere fact that a smooth kinetic free energy
relation holds for these experiments is already evidence
that the folding transition region is composed of an
ensemble of states. In contrast, when a few discrete states
are encountered at the bottleneck, as would occur when
the glass transition in the funnel appears earlier, a more
complex response would be expected. Here, site-directed
mutagenesis could favor one of the states dramatically
over the other giving rise to severe nonlinearity, and the
effects of chemical denaturant would resemble a titration
curve for a few-state binding.
Another important aspect of the ensemble picture is that
the unfolded precursor state (indicated as a molten
globule) is usually separated by only a rather small barrier
from a completely random coil, thus this location also
changes with thermodynamic conditions giving a smooth
but nonlinear change to the free energy relation. Thus,
energy landscape theory, even in the nonglassy high
entropy regime, suggests the possibility of a distinct curva-
ture of the free energy relation under strongly nativizing
conditions. While this is not the focus of the present
article, such a curvature has been observed for ubiquitin
by Roder and co-workers [19].
In this paper, we explicitly study the free energy rate rela-
tions for the lattice model proteins by perturbing the
energy function in a way that mimics the addition of
denaturants, confirming that the funnel transition state
ensemble location is faithfully reflected in the kinetic free
energy relation. A closer examination of the ensemble of
configurations at the folding bottleneck reveals variations
in the free energy relations when only local parts of the
energy landscape are perturbed, as for example in site-
directed mutagenesis. Fersht and co-workers’ experiments
on CI2 folding show such variations in the free energy
transfer coefficients [32]. The qualitative similarity
between the distribution of free energy transfer coeffi-
cients and the one obtained on the lattice further supports
the funnel description of folding.
The defining characteristic of a protein folding funnel is
the existence of at least one reaction coordinate defining
an ensemble of structures such that both configurational
entropy and the typical free energy of a given configura-
tion (averaged over the solvent) decrease relatively
smoothly along that coordinate as the native structure is
approached. This rules out the infamous ‘golf-course’
energy landscape where all the energetic stabilization
occurs in a final locking step in which each structural
element simultaneously falls in place. Folding on such a
golf-course landscape would have a huge entropic barrier
kinetically preventing folding even when it is thermody-
namically favorable. The time it takes to fold can be
written in terms of the normalized time that the protein
would take to descend to a given level in the funnel as
defined by the reaction coordinate, n [6]:
where the reaction coordinate n varies from nu in the
unfolded state to nf in the folded one. The time to reach a
depth n in the funnel is determined from equation 2:
This time depends first on the relative probability of being
at depth n, P(n), in the funnel compared to being
unfolded, Pu. Secondly, the time to reach the funnel depth
n depends on the configurational diffusion coefficient
D(n), i.e. how rapidly stochastic fluctuations in the protein
configurations change the collective coordinate n. D(n) is a
collective quantity that summarizes the way in which the
complicated motions of the polypeptide chain advance or
retard the progress of the reaction coordinate to the native
state. It represents the overall effect of being transiently
trapped in a myriad of states which may be similarly
ordered according to the reaction coordinate n, but differ
in other aspects of their protein configuration. This
description is necessary since simulations show that these
collective reaction coordinates undergo a stochastic, nearly
brownian, to-and-fro motion. Because D(n) quantifies how
easy it is to change configurations, it depends on the
ruggedness of the landscape. P(n) and Pu are thermody-
namic quantities that can be written in terms of a free
energy profile F(n) as indicated in equation 2, while D is of
course dynamical. The free energy F(n) can be written in
terms of the configurational entropy, which is largely geo-
metrical, S(n), and an average energy profile, E(n), which
depends strongly on sequence and denaturant conditions.
A bottleneck occurs in the funnel if F(n) has a maximum at
n†, in which case f will be approximated by (n†):
Apart from the dynamical factor D, this result resembles
ordinary transition state theory. Due to the diffusive
nature of the configurational change, however, corrections
for multiple crossing around the transitional region have to
be included and are contained in the dynamical prefactor
which depends on D. It would be extremely unlikely for
protein folding to be described by traditional transition
state theory without recrossing corrections since the
( ) =
1
( ) ( )
( )† † †n D n
P
P n
u 3
 ( )
( ) ( ) ( )
( )n
D n
P
P n D n
e dn
e
u n
n F n kBT
F n kBT
u
= =
′∫ − ′
−
1 1 2
( )/
( )/
  f
n
n
u
f
n dn= ∫ ( ) ( )1
Research Paper Protein folding funnels Onuchic et al. 445
process involves so many molecular degrees of freedom
changing configurations in a solvent [33,34]. Thus, it is a
happy circumstance that the diffusion formulation allows
us to use quasi-equilibrium thermodynamic ideas to
discuss rates without assuming incorrectly the strict valid-
ity of the transition state nonrecrossing assumption.
The above mathematical description of folding kinetics
has been shown to be quantitatively accurate (under a
wide range of thermodynamic conditions) for treating
computer simulations of a small lattice model for protein
folding with 27 beads. One choice of reaction coordinate
(written as n above) measuring the fraction of native con-
tacts, Q, gives a free energy, entropy and energy, profile as
shown in Figure 1. Equations 1–3 assume a diffusive
dynamics along the reaction coordinate Q. As the protein
dynamically evolves on its complex landscape, the diffu-
sion coefficient D provides a dynamical measure of how
the system explores the nearby configurations by trying
out different local minima. If this exploration rate is
similar for most configurations or even if it changes only
slowly as a function of the reaction coordinate, then the
description by a diffusion coefficient D(n) is valid. In this
case, no special trap states play a major role in the dynam-
ics of folding. This approximation has been shown to be
reasonable for the folding dynamics of designed three-
letter 27-mers [35], and therefore, using the corresponding
states principle, is expected to work for small fast-folding
-helical proteins after the initial collapse and helix forma-
tion. This situation may break down for more complex
systems for two reasons. First, particular geometrical con-
straints alone may give rise to deep traps at the same value
of the reaction coordinate on the way to folding. Thus,
these single traps will have to be taken into account and
will give rise to corrections to equation 3. Simulations in
2D lattices, where the geometrical effects are amplified
compared to 3D, have been used to investigate the inter-
play between the average roughness (energetic frustra-
tion) and these geometrical corrections [36]. Second, the
ensemble at a fixed value of the chosen reaction coordi-
nate may be so inhomogeneous that the transmission coef-
ficient or equilibrium flux towards the folded state greatly
exceeds the entropic advantage of utilizing the others.
The analog is heterogeneous nucleation of a crystal at a
scratch on the beaker rather than in the bulk fluid. In that
case, the bulk configurational diffusion coefficient will not
give the correct prefactor. The quantitative accuracy of
the diffusive dynamics for the 27-mer shows this situation
does not arise there. We should keep these points in mind,
however, when using the corresponding states principle to
quantitatively relate lattice simulations to real proteins.
We have given several indications that the 27-mer can be
used for a fast-folding small -helical protein; however, for
large proteins or those lacking extensive local secondary
structure (i.e. -sheet system), the precise way of making
a correspondence needs further investigation.
As shown in Figure 1, for the designed three-letter code
27-mer (corresponding to a 60 amino acid -helical
protein), the kinetic bottleneck occurs with 60% of the
contacts being made. There are many configurations in
the transition state ensemble (106, or ~104 thermally occu-
pied at Tf). Since in any folding event the transition state
ensemble is encountered only fleetingly, this ensemble
can be probed only by perturbing the folding geometry,
i.e. by changing the energy and entropy profiles. The
changes of the configurational diffusion coefficients D(n)
are expected to be small if many configurations are in the
bottleneck ensembles, barring effects such as proline iso-
merization. If this is the case, experimentally induced
changes in f, according to equation 3, can be interpreted
in a quasi-thermodynamic fashion. If the energy function
of a folded protein as a function of coordinates is originally
H0({r}) and this is changed to H = H0 + H({r}), the
change in f is:
Under the quasi-thermodynamic assumption, this identity
follows as a simple exercise in statistical mechanical per-
turbation theory [37]. The assumption that n† and the
ensemble of states there does not change much when the
landscape is changed then leads to a linear free energy
relation between f and the free energy change in folding,
which to the same order is 〈H〉u – 〈H〉f. Thus:
where K is the equilibrium constant for the folding reac-
tion. These linear free energy relations have been much
used in folding kinetics, most notably by Fersht and col-
laborators [32]. The statistical mechanical interpretation of
 allows us to view linear free energy relations as a crude
spectroscopy of the transition state ensemble. If the per-
turbation of the system is largely global and the global
reaction coordinate gives a good first approximation to the
funnel geometry, the perturbation and the reaction coordi-
nate will correlate strongly and the location of the bottle-
neck can be inferred. Again, it is important to remember
that large changes in stabilization may change the location
of the transition state ensemble giving nonlinear correc-
tions to equation 5. In fact this is not unexpected, because
the free-energy profile is so broad (see Fig. 3). Thus,
while we expect extra thermodynamic relations such as
equation 5 on general grounds to be true, it is important to
check them on lattice simulations. The new simulations to
test these in the context of denaturants and site-directed
mutagenesis perturbations are described below and repre-
sent the new results of the present study.
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Figure 3
Lattice polymer denaturant simulations. (a)
Folding and unfolding rate versus equilibrium
constant for the 33 lattice model. The basic
model was described in detail in [12,13]. To
simulate the effect of denaturant, a term is
added to the energy function that measures
the exposure of the core monomer (in the 33
lattice model there is only one residue in the
core): Edenat = – (4 – Ncore). Ncore is the
number of contacts the core monomer makes,
the maximum being four. The strength of the
denaturant can be controlled by changing . If
 is positive, then conformations that expose
the core monomer (i.e. have fewer than four
contacts) will be stabilized, which is analogous
to how real denaturants function. Since there
is no simple connection between  and
denaturant concentrations in real experiments,
the rate is plotted versus the unfolding
equilibrium constant, K = [U]/[F], in order to
make direct comparison with experimental
data. The rates are in units of inverse Monte
Carlo steps. The slope from the linear fit to the
folding rate is –0.55. An unfolding curve was
calculated simply by multiplying the folding
rate by the equilibrium constant. Note the
relation between the two slopes, their absolute
values must add up to one. (b) The 33 lattice
model used in the calculation of the folding
and unfolding rate coefficients in (a). The
sequence is a well designed three-letter code
sequence which was previously studied in
[3,13,46]. The folded state of this sequence is
on the left, while the right-hand side shows a
partially collapsed chain. The central core
monomer is shown as a cube. The dotted lines
are the core contacts. In the folded state, the
core monomer makes all four of its possible
contacts and the energetic contribution from
the denaturant is zero. In the partially collapsed
chain shown, the core monomer makes only
one contact (Ncore) and the denaturant
contribution is –3. The number of core
contacts is a measure of the burial or exposure
of the polymer core. One can think of the
denaturant term as mimicking the effect of
binding a denaturant molecule to the core
monomer, thereby stabilizing conformations
with an exposed core. (c) Free energy as a
function of Q (number of native contacts) for
several values of . In the native structure, 28
contacts are possible. The simulations were
run at a temperature of T = 1.26, which is
below the folding temperature for this
sequence (Tf = 1.51) so the native state is
fairly stable at zero denaturant level ( = 0.0).
As the strength of the denaturant is increased
(increasing ), the free energies of the molten
globule ensemble and the transition ensemble
decrease. The change in free energy of the
molten globule ensemble is larger than that of
the transition ensemble: Gm > Gt so the
folding barrier increases. In fact, it goes from
almost barrierless at  = 0 to a barrier of about
2.8 kBT at  = 2.0. The barrier close to the
native structure at Q = 25–27 is an artifact of
the lattice simulation.
Chemical denaturants can be used as probes to investigate
the bottleneck position since they interact with the
unfolded configurations in a global manner. While the
microscopic action of denaturants remains obscure, it
seems that urea and guanidine transiently bind to exposed
hydrophobic areas fairly indiscriminately, thereby perturb-
ing the funnel globally. Since proteins bury most of their
hydrophobic residues successfully only in the native form,
the exposed hydrophobic area correlates well with the
fraction of correct contacts, Q, thus allowing some access
to this coordinate. Although this correlation is not perfect,
its conceptual validity is confirmed in the lattice simula-
tion results in Figure 3. These simulations used a per-
turbed lattice model in which conformations that have the
core residue exposed (see details in the legend to Fig. 3)
are stabilized. Since the native conformation has four con-
tacts, we define Edenat = – [4 – Ncore] as a measure of the
exposure of the core, where Ncore is the number of contacts
made by the native core residue. The log of the folding
time versus log stability (log K) plot shows a slope of
–0.55.
This slope agrees with the value for the transition state
predicted from the free-energy profile of Q* ∼ 0.6. The
average probability of any of the 28 native contacts qi,j to
exist in a member of the transition state ensemble is
related to  from equation 5:
where qi,jcore refers to native contacts that include the core
residue. The brackets 〈...〉 indicate an average over the
appropriate ensemble of configurations in the funnel.
Even though the denaturant model takes into account any
contact with the central residue and not only the native
ones, the agreement between the denaturant model and
equation 6 indicates that the native contacts dominate for
the core contacts in the bottleneck region. Small correc-
tions to equation 6 could conceivably apply when collapse
is a distinct step.
This relation between Q and denaturant effects parallels
the results of Huang and Oas [28] on the monomeric 
repressor. In both cases, a slope close to 0.5 is obtained.
We note that simple free energy relations work only when
the entropy of the transition state ensemble is large. If the
bottleneck were to occur in the glassy regime, the denatu-
rant can affect the concentrations of the individual kinetic
traps differentially leading to deviations from the linear
free energy relation that are unpredictable from the corre-
spondence principle view of the funnel. In fact, in this
case, paradoxically, the denaturant while destabilizing the
native structure could concomitantly speed up folding
[38,39]. This situation seems to be uncommon both for
lattice simulations of well designed sequences and experi-
ments on fast-folding proteins but is not unprecedented
and does occur when intermediates accumulate as would
be expected when frustration is larger [40].
While a protein folding funnel may be characterized by a
dominant collective coordinate, local perturbations to the
energy landscape sense specific partial order in the bottle-
neck ensemble. Imagine that a single pair interaction is
changed in the protein by protein engineering as has been
done by double mutation [32]. According to equation 5,
the change in rate will reflect the relative probability of
the ij pair contact being made, qij, in the transition state
ensemble compared to the denatured state. On average,
this relative probability will be Q* – Qu but there is inho-
mogeneity. In Figure 4a, we plot a histogram of these dif-
ferential pair probabilities for the 27-mer lattice model. It
is a broad distribution around [qij]n† – [qij]u = 0.5, but with
values ranging from almost zero to one. Since the native
state of our lattice model is totally unfrustrated (i.e. all
contacts are maximally stable) and the native bond inter-
actions are the same, the origin of this inhomogeneity is
related only to the polymeric nature of our system. There
is a rough correlation between these probabilities and the
distance in sequence between the residues involved in the
pair contact. The distributions for real proteins may also
be affected by frustration and anisotropy of the interac-
tions. It is clear, for example, that the more stable contacts
will be overrepresented in the ensemble. Results for the
transition state contact distribution for real proteins simu-
lated in molecular detail, however, show a very similar
delocalized behavior to that of the lattice model, i.e. a
broad distribution centered around 50%, for atomistic sim-
ulations of small -helical proteins. Figure 4b shows these
distributions for the transition state ensemble obtained by
Boczko and Brooks for protein A [41]. Recent experiments
with CI2 by Fersht’s group on the effect of single-site
mutations on the folding time also provide experimental
evidence for this inhomogeneity for this ensemble of
states in the transition state [32]. In these experiments,
the effects of single tertiary pair contacts were not probed,
but rather all contacts made by a residue. Still, the linear
free energy relation reflects a broad distribution of transfer
coefficients, mutant, centered around 30% for a large
number of mutations as shown in Figure 4c. Each residue
apparently participates in the bottleneck region with
varying importance, in total agreement with predictions
based on a collective reaction coordinate as used in a
funnel description. (We note that if the inhomogeneity
energetics make the distribution strongly bimodal, it
would be possible to use the most important contacts to
define a local reaction coordinate and re-analyze the
ensemble.) Another set of mutagenesis results on CheY
protein by López-Hernández and Serrano [42] also show
the broad distribution of s, characteristic of a transition
state ensemble with delocalized nuclei.
~ 0.57        (6)†
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These results indicate that by properly choosing the reac-
tion coordinates or order parameters for protein folding
and by identifying the transition state of the process in
terms of these parameters, a useful tool for understanding
the nature of the transition state ensemble in folding
funnels becomes available. By identifying the level of
importance with which contacts (and therefore residues)
participate in the transition state determined thermody-
namically, one can now predict how mutations will affect
the folding time. The ensemble of delocalized nuclei can
be identified by sampling the configurational space
without the need for a detailed kinetic scheme. This
makes current atomistic simulations quantitatively
testable since current methods effectively sample phase
state using importance sampling methods even when
complete folding trajectories are computationally infeasi-
ble. Only the thermodynamic probability of each configu-
ration is necessary to generate the distribution of transfer
coefficients. A given value for Q in the bottleneck region
does not imply that qij = Q* for all contacts, but rather a
distribution of qijs centered around Q*. This thermody-
namic view of the bottleneck with a structured ensemble
of delocalized nuclei in the transition state is qualita-
tively different from a single specific nucleus where the
transition state is defined using only a few well defined
contacts while the existence or not of all the other con-
tacts is irrelevant [43]. It is clear from results on both
CheY and CI2 that many residues participate partially in
the transition state ensemble. The extreme picture of a
small single specific nucleus determining entirely the
rate is at best a convenient oversimplification of the
experimental data. A more generally useful picture is that
of a delocalized structure [44] or a set of many smaller
nuclei [45].
Simulations for our 27-mer, where the coupling energies
for individual native contacts have been altered, already
provide a strong correlation between the contact impor-
tance at the quasi-thermodynamic bottleneck (obtained
from the distribution of Fig. 4) and the simulated folding
time, in agreement with the model of delocalized nuclei.
Conclusive results, however, will depend on further
experimental tests and simulations for real proteins.
These simulations should provide us with the impor-
tance of each native contact at the transition state for real
proteins (similar to Fig. 4b) and can guide further experi-
ments. Using the corresponding states principle, we
expect the picture of delocalized nuclei to be true at
least for small fast-folding -helical proteins, but the
detailed generalization for other systems is still a chal-
lenge for the future.
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Figure 4
Histograms of  and qij values for several systems. (a) contact (similar
to eq. 6 but computed for all individual ij contacts) for the 33 lattice
simulations. (b) qij from the molecular dynamics simulations of protein
A by Boczko and Brooks [41]. (c) mutant (see eq. 5) for chymotrypsin
inhibitor 2 from experiments by Fersht and collaborators [32]. All parts
of the figure show a broad spectrum of values, with a roughly unimodal
distribution.
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